A new family of homeodomain proteins ha; recently been identified that includes extradenticle, ceh-20 and three mammalian proteins Pbxl, Pbx2 and Pbx3. We show here that two members of this family, Pbxl and Pbx2 bind cooperatively to DNA with both Hoxb-7 and Hoxb-8. Engrailed-2 modulates the DNA binding activity of the Pbx proteins to a different target site. E2A-Pbxl, a chime& Pbxl gene product involved in pre-B acute lymphoblastoid leukemia, has retained its ability to interact with the Hox proteins.
Introduction
Over the past two decades a family of transcriptional regulators, the homeodomain proteins, has been identified that play crucial roles in the embryogenesis of a wide variety of organisms (Laughon and Scott, 1984; McGinnis et ai., 1984; Scott and Weiner, 1984; Kuziora and McGinnis, 1989; Gehring et al., 1994) . The homeodomain consists of three helices that together form a sequence-specific DNA-binding domain (Qian et al., 1989; Kissinger et al., 1990; Gehring et al., 1994) . Most of the homeodomain proteins bind DNA as a monomer and bind in vitro to sites that contain a 'TAAT sequence (Gehring et al., 1994) . One particular class of the homeodomain proteins, the homeotic selector gene products, are involved in the establishment of body structures in organisms as diverse as C. elegans, Drosophila melanogaster and vertebrates (Krumlauf, 1994; Lawrence and Morata, 1994) . The Hox genes are clustered and they are expressed along the anterior-posterior axis colinear with their positions on the chromosome.
C. elegans and Drosophila contain one cluster of homeotic genes, whereas in vertebrates four clusters, designated as the Hox A, B, C and D clusters, are present. In both Drosophila and vertebrates, loss and gain of function mutations within the homeotic clusters result in homeotic transformations (Krumlauf, 1994; Lawrence and Morata, 1994) .
While the homeotic proteins display a high degree of functional specificity they bind to closely related or even identical sites (Desplan et al., 1988; Hoey and Levine, 1988; Gehring et al., 1994; Krumlauf, 1994) . To account for the specificity of the homeotic selector proteins it has been suggested that there must be co-factors modifying the DNA-binding and/or regulatory properties of the homeotic gene products (Gehring et al., 1994; Krumlauf, 1994; Lawrence and Morata, 1994) . One such co-factor, extradenticle (exd), has recently been described (Peifer and Wieschaus, 1990; Rauskolb et al., 1993; Rauskolb and Wieschaus, 1994) . Genetic analyses in Drosophila indicated that the exd gene product acts in parallel with the homeotic gene products to regulate various downstream target genes (Rauskolb et al., 1993; Rauskolb and Wieschaus, 1994) . In vitro, using synthetic templates, exd can cooperatively interact with the products of the homeotic genes abd-A and Ubx, as well as with the segment polarity gene product engrailed (en) (van Dijk and Murre, 1994) . In addition, exd and Ubx bind cooperatively to sites present in enhancer elements controlling decapentaplegic (dpp) gene expression (Chan et al., 1994 (Burglin and Ruvkun, 1992; Flegel et al., 1993; Rauskolb et al., 1993) . The Pbxl gene is located at chromosome lq23, a site frequently involved in chromosomal translocations present in pre-B acute lymphoblastoid leukemias (ALL) Nourse et al., 1990) . The translocation event results in the expression of a chimeric oncogene, E2A-Pbxl, in which the N-terminal domain of Pbxl has been replaced by the N-terminal transactivation domain of helix-loop-helix protein E2A Nourse et al., 1990) . Two other genes are closely related to Pbxl, designated Pbx2 and Pbx3 (Monica et al., 1991) . While the Pbx proteins and exd are closely related to each other, they are only distantly related to other homeodomain containing proteins, suggesting that they form a separate family.
The studies described here support the model that Pbx gene products form a new class of homeodomain proteins that have the ability to bind cooperatively to DNA with Hox gene products.
Results

Pbxl and Pbx2 bind cooperatively with Hoxb-8 and
Hoxb-7 to DNA
A striking feature of the Pbx family is that they are conserved over a large portion of the protein. Within the core 270 residues surrounding the homeodomain, Pbxl and Pbx2 show more than 90% amino acid identity to exd (Flegel et al., 1993; Rauskolb et al., 1993) . The extensive sequence identity suggests that Pbx and exd have similar functions. We previously demonstrated that exd interacts with Ubx and abd-A to bind cooperatively to DNA (van Di_ik and Murre, 1994) . There are several mammalian Hox members that are closely related to Ubx and abd-A (Krumlauf, 1994 ). In the studies described here we have focused on two of these members, Hoxb-7 and Hoxb-8.
We The results were analyzed by EMSA. The proteins added to each lane were: lane I, 4~1 reticulocyte lysate; lanes 2-5, reactions containing 0.1, 0.3, 1 and 3~1 in vitro translated Hox-b8 protein, respectively; lane 6, reaction containing 1 PI in vitro translated Pbxl protein; lanes 7-10, reactions containing 0.1, 0.3, I, and 3 pl in vitro translated Hoxb-8 protein, respectively, in addition to 1~1 in vitro translated full-length Pbxl protein; lane 1 I, reaction containing 1 ~1 in vitro translated Pbx2 protein; lanes 12-I 5, reactions containing 0. I, 0 3. I, and 3 ~1 in vitro translated Hoxb-8 protem. respectively, in addition to I pl in vitro translated Pbx2. The non-specific (NS) complexes formed by components present in the lysate are indicated. All reactions were adjusted to contain equal amounts of reticulocyte lysate. mobility shift assay (EMSA). To examine for cooperative interactions we used a probe that was previously shown to allow cooperative DNA binding involving extradenticle and abd-A or Ubx (van Dijk and Murre, 1994) . The probe, designated probe A, contains an optimal Pbxl and Ubx binding site (5'-GTCAATTAAAGCATCAATCA-ATTTCG-3') (Ekker et al., 1991; Beachy et al., 1993; van Dijk et al., 1993; LeBrun et al., 1994; Lu et al., 1994; van Dijk and Murre, 1994) . Whereas, Hoxb-8 binds weakly by itself (Fig. 1, lanes 2-5) , Pbxl binding by itself is not detectable (Fig. 1, lane 6) . When Hoxb-8 and Pbxl are incubated together, a unique complex is formed with a slower mobility (Fig. 1, lanes 7-10) . Similarly, when Hoxb-8 is incubated with Pbx2, a complex is generated that migrates with slower mobility than Hoxb-8 alone (Fig. 1, lanes 12-15) .
The presence of a complex with a unique mobility suggests that Pbxl was tagged with an influenza epitope (see Section 4). Mixtures of in vitro translated tagged and untagged Hoxb-8 and Pbxl (1~1 each) were incubated with 32P-labeled oligonucleotide A, as indicated. Before adding labeled probe, the proteins present in reactions 2.4, 6 and 8 were preincubated for 15 min with 5 ,ul 12CA.5 antibody. The supershifted complex formed in the presence of 12CA.5 antibody is indicated.
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Fig. 3. Pbxl and Pbx2 bind cooperatively to DNA with Hoxb-7. Increasing amounts of in vitro translated Hoxb-7 protein (indicated by the closed symbols) was incubated in the absence or presence of Pbxl or Pbx2 (indicated by open boxes) using radio-labeled probe (S'-GTCAATTAAATGCGCATCAATCAATTTCG-3').
The results were analyzed by EMSA. Lane 1, control reaction containing 4~1 reticulocyte lysate; lanes 2-5, reactions containing 0.1, 0.3, 1 and 3 ~1 in vitro translated Hoxb-7 protein, respectively; lane 6, reaction containing 1~1 in vitro translated Pbxl protein; lanes 7-10, reactions containing 0.1, 0.3, 1, and 3~1 in vitro translated Hoxb-7 protein, respectively, in addition to 1 ,~l in vitro translated full length pbxl protein; lane 11, reaction containing 1~1 in vitro translated Pbx2 protein; lanes 12-15, reactions containing 0.1, 0.3, 1, and 3~1 in vitro translated Hoxb-7 protein, respectively, in addition to 1~1 in vitro translated Pbx2. The non-specific (NS) complexes formed by components present in the lysate are indicated.
All reactions were adjusted to contain equal amounts of reticulocyte lysate.
and translated, incubated with 12CA5 and analyzed by EMSA. Complexes containing either tagged Pbxl or tagged Hoxb-8 were reduced using the 12CA5 antibody (Fig. 2 , lanes 4 and 6). The complex is supershifted when both Pbxl and Hoxb-8 have been tagged (Fig. 2, lane 8) . The supershift is only present when both molecules are tagged, indicating that the presence of two epitopes cooperatively increases the binding affinity of the antibody for the complex. Thus, Pbxl and Hoxb-8 are both present in the ternary complex.
To determine whether Hoxb-7 also has the ability to interact with the Pbx proteins, we incubated increasing concentrations of Hoxb-7 with a constant amount of either Pbxl or Pbx2 (Fig. 3) . Hoxb-7, Pbxl and Pbx2 bind weakly by themselves (Fig. 3 , lanes 2-6 and 11). However, in the presence of Hoxb-7 a complex with a unique mobility is formed (Fig. 3, lanes 7-10, 12-15 ). In summary, Pbx proteins have the ability to form heterooligomers with Hoxb-7 and Hoxb-8 that bind cooperatively to DNA.
Interactions between Pbx and Hoxb-8 require two half sites
To determine whether Pbx/Hox cooperativity depends on the presence of two closely linked binding sites we constructed mutant probes containing 2 bp substitutions in each of the potential sites for either Hoxb-8 or Pbxl (ATTA or ATCA) present in probe A (Fig. 4) . Pbxl and Hoxb-8 were incubated, by themselves or together, with radioactively labeled mutant probes and analyzed by EMSA. Binding of Hoxb-8 by itself was unaffected by any of the mutants (lanes l-10). Mutant Al did not affect PbxllHoxb-8 DNA binding (Fig. 4, lane 7) . In addition, mutation of the 5' half of probe A to a CC stretch, designated A4, did not abolish DNA binding of Pbxl/Hoxb-8 hetero-oligomers (Fig. 4 , lane 10). However, cooperativity between Pbx 1 and Hoxb-8 was abolished using mutant A2 or A3 (Fig. 4 , lanes 8 and 9) but not mutant Al (Fig.  4 , lane 7), indicating that closely linked half sites can show cooperative interactions.
Pbxl decreases the dissociation rate of Hoxb-8 from
DNA
To examine the mechanism by which Pbxl increases the affinity of Hoxb-8 for DNA we determined the dissociation rate of Hoxb-8 and Pbxl in the presence or absence of each other. The binding reactions were allowed to reach equilibrium, challenged with an excess of cold competitor DNA and assayed for binding after increasing amounts of time as indicated (Fig. 5 ). Pbxl by itself shows very weak DNA binding activity to this probe, and dissociates within seconds from DNA (Fig. 5) . Similarly, by itself Hoxb-8 dissociates within seconds (Fig. 5) . However, when both products are present the dissociation rate is dramatically decreased (Fig. 5) . These data indicate that Pbxl and Hoxb-8 stabilize the DNA binding activity of each other by a decrease in the dissociation rate.
Pbxl and Engrailed-2 bind cooperatively to DNA
In Drosophila, some of the defects present in exd mutant embryos are due to a failure of engrailed (en) to regulate its own expression (Peifer and Wieschaus, 1990 ). An interesting possibility is that en and exd interact to bind cooperatively to regulatory sequences present in the en promoter. Indeed, recently we have obtained evidence that exd and engrailed have the ability to cooperatively bind to DNA (van Dijk and Murre, 1994) . In mice two engrailed genes are present, En-l and En-2 (Joyner and Martin, 1987) . To determine whether Pbx proteins also have the ability to modulate the DNA-binding activity of murine En-2, we analyzed mixtures of these factors for cooperative DNA binding.
To detect cooperativity involving murine En-2 and Pbx we used a probe, designated probe B (5'-GTC- In vitro translated Pbx and Hoxb-8 were tested for binding using wild-type and mutant probes. To identify the sites required for Pbxl/Hoxb-8 cooperativity, 'TAAT' (or 'TGAT') core sequences were mutated (boxed nucleotides in Al, A2, and A3, respectively).
In addition, a mutant probe, A4, was used in which the 5' half consists of a GC stretch. 32P-labeled oligonucleotides A&A4 were incubated with in vitro translated Hoxb-8 (indicated by open boxes, 1 ,~l per reaction) and/or Pbxl (indicated by shaded boxes, 1~1 per reaction). The probe used for each reaction is indicated. The cooperative complex formed by Hoxb-8 and Pbxl is indicated. NS indicates non-specific complexes formed by components in the reticulocyte lysate. FP indicates free probe.
AA'ITAAATGATCAATCAATG-3').
This probe was previously shown to allow cooperative DNA binding involving extradenticle and Drosophila engrailed (van Dijk and Murre, 1994) . En-2 by itself binds weakly to this site (Fig. 6, lanes 2-5) . However, in the presence of either Pbxl or Pbx2, its DNA binding activity is strongly enhanced and new complexes are formed with slower mobility (Fig. 6, lanes 7-10 and lanes 12-15) .
To directly compare the ability of Hoxb-8/Pbxl and En-2/Pbxl heterodimers to bind to either probe A (Fig. 7 , lanes l-7) or probe B (Fig. 7, lanes 8-14) , in vitro translated products were incubated with radioactively labeled probes and analyzed by EMSA. Probes A and B differ from each other only in two nucleotides flanking the most 5' ATCA sequence. Hoxb-8 binds equally well to both probes (Fig. 7, lanes 2, 3, 4, 9, 10, 11) . However, the Hoxb-WPbxl hetero-oligomer binds strongly to probe A (Fig. 7, lane 3 and 4) , but it binds weakly to probe B (Fig.  7, lanes 10 and 11) . Thus, the formation of a PbxUHoxb-8 heterodimeric DNA binding complex raises the DNA binding specificity of Hoxb-8. En-2 on the other hand binds with higher affinity to probe B in the presence of Pbxl (Fig. 7, lanes 6, 7 and 13, 14) . The differences in affinity for either probe A or probe B suggests that Hoxb-8 and engrailed bind to the 5' ATCA half site while pbxl binds the 3' half site. In summary, Pbxl/En-2 and Pbxl/ Hoxb-8 heterodimeric DNA binding complexes have different sequence specificities.
The ability for cooperative DNA binding is retained in E2A-Pbxl
The Pbxl gene is translocated in t(1;19)(q23;p13.3) pre-B acute lymphoblastoid leukemia. The resulting hybrid protein contains the N-terminal transactivation domain of E2A fused to the C-terminus of Pbxl. Two alternatively spliced forms present within the Pbxl portion of the E2A-Pbxl fusion protein have been described, designated E2A-Pbxlshort and E2A-Pbxllong . The short form of E2A-Pbxl has a higher potential for oncogenic transformation than the long form (Kamps et al., 1991; Dedera et al., 1993; Kamps et al., 1993) . To determine whether the E2A-Pbxl fusion protein has retained the potential to modulate the binding activity of Hoxb-8 we tested the ability of the two alternatively spliced forms of E2A-Pbxl to bind cooperatively to DNA. Both the long and short form of E2A-Pbxl were transcribed and translated in vitro, incubated with probe A and analyzed by EMSA. While both forms did not bind by themselves (Fig. 8, Iane l) , in the presence of Hoxb-8 they bind with high affinity (Fig. 8 , lanes 2-5 and lanes 7-10). Thus, E2A-Pbxl has retained the potential for cooperative interaction with other homeodomain proteins. These data raise the possibility that in pre-B cells, where Pbxl is normally not expressed (Nourse et al., 1990; Kamps et al., 1991) , the translocated E2A-Pbxl fusion protein inappropriately activates transcription from sites responsive to Pbxl/Hox heterodimers.
Discussion
I. Pbx profeins as modulators of Hox proteins
The homeotic selector gene products determine the characteristic morphology of each of the segments in the DrosuphiEa embryo and adult fly. In mammals it is clear that the Hox gene products similarly act with great specificity. However, in vitro the homeotic selector products recognize very similar or even identical sequences. The high degree of biological specificity cannot simply be explained by differences in DNA binding specificity and/or affinity. Although it seems clear that there must be a molecular basis for this specificity, previous studies have thus far only partially identified the underlying mechanisms (Ekker et al., 1991; Beachy et al., 1993) . It has therefore been suggested that there must be co-factors that help the homeotic selector proteins achieve their regulatory specificity. Homeodomain swap experiments have suggested that such factors may exist, mapping the structural basis of the biological specificity to the homeodomain and a region C-terminal of the homeodomain of Hox proteins (Kuziora and McGinnis, 1989; Mann and Hogness, 1990; Chan and Mann, 1993) . These analyses have implicated regions of the homeodomain not directly involved in DNA binding, raising the possibility that part of the regulatory specificity of homeotic proteins is achieved by interactions with other proteins. Genetic studies in Drosophila have implicated extradenticle as a candidate for such a protein (Peifer and Wieschaus, 1990) . We have previously shown that extradenticle can indeed form hetero-oligomers with abd-A, Ubx and engrailed that bind to synthetic sites (van Dijk and Murre, 1994) . Ubx/exd cooperativity has also been shown to OCcur on sites present in the decapeataplegic (dpp) enhancer (Chan et al., 1994) . Target genes of the vertebrate Hox gene products have thus far not been identified. The studies described in this paper provide the first biochemical evidence that Pbxl and Pbx2 also have the ability to modulate the DNA-binding activity of specific homeodomain proteins.
Our data, which bring mammalian and Drosophila developmental regulators into a common framework, allow The results were analyzed by EMSA. The proteins added to each lane were: lane 1, 4 ~1 reticulocyte lysate; lanes 2-5, reactions containing 0.1, 0.3, 1 and 3~1 in vitro translated En-2 protein, respectively; lane 6, reaction containing 1~1 in vitro translated Pbxl protein; lanes 7-10. reactions containing 0.1, 0.3, 1, and 3 ~1 in vitro translated En-2 protein, respectively, in addition to 1~1 in vitro translated full-length Pbxl protein; lane 11, reaction containing 1~1 in vitro translated Pbx2 protein; lanes 12-15, reactions containing 0.1, 0.3, 1, and 3 ~1 in vitro translated En-2 protein, respectively, in addition to 1~1 in vitro translated Pbx2. The non-specific (NS) complexes formed by components present in the lysate are indicated. All reactions were ad_justed to contain equal amounts of reticulocyte lysate.
us to speculate on the function of Pbx proteins in mammalian development.
We have recently shown that Pbxl expression overlaps with the expression patterns observed for the Hox and engrailed genes in rat embryos (V. Roberts and C.M., unpublished).
Although, it remains to be established that Hoxb7, Hoxb-8 and En-2 interact in vivo with any of the Pbx proteins, the expression pattern of Pbxl, its extremely high degree of conservation (90% over 72% of the Pbxl coding region compared to exd) and the conservation of interactions involving exd and Pbx, make it likely that Pbx proteins have a role in mammalian development similar to that of exd in Drosophila embryogenesis.
However, we note that these interactions do not explain the functional specificity of homeotic gene products, as both Hoxb-7/Pbxl and Hoxb-8/Pbxl heterodimeric complexes recognize identical sites. Additional combinatorial interactions with other classes of transcription factors likely will be involved that together determine the functional specificity of the Hox gene products.
There are striking parallels between the Pbx proteins and two transcriptional regulators in yeast. In diploid cells of Saccharomyces cerevisiae, a2 cooperates with al to repress the haploid specific genes. In haploid cells, a2 interacts with MCMl to repress a-specific genes. Of all the homeodomain proteins the Pbx family is most closely related in its amino acid sequence to al and a2 (65% identity compared to al; Nourse et al., 1990) and both a2 and Pbx bind cooperatively to DNA with other homeodomain proteins. We have tested, in collaboration with M. Stark and A. Johnson, whether Pbx proteins have the ability to bind cooperatively to DNA with al or a2. Although Pbxl can weakly recognize al binding sites we have not been able to detect cooperativity with either al or a2 using an al/a2 operator as a template (M. Stark, A. Johnson and C. Murre, unpublished results) . However, it remains to be determined whether Pbx and either al or a2 can bind cooperatively to DNA using a different arrangement of the half sites. 
The role of E2A-Pbxl in pre-B acute lymphoblastoid leukemia
What is the role of E2A-Pbxl in pre-B ALL? It is interesting that normally the Pbxl gene is not expressed in pre-B cells, but becomes activated when placed under the control of the E2A promoter. The data shown in this paper suggest that E2A-Pbxl interacts with Hox proteins that are expressed in pre-B ALL, inappropriately activating down-stream genes. Several Hox genes, including Hoxb-7 and Hoxb-8 are expressed in normal or malignant cells of the hematopoetic system (Celetti et al., 1993; Lawrence and Largman, 1992; Petrinini et al., 1992) . Hoxb-7 has been shown to be expressed in pre-B ALL and mature B lymphocytes (Deguchi et al., 1991; Petrinini et al., 1992; Celetti et al., 1993) and overexpression of Hoxb-8 results in myeloid leukemia in mice (Perkins et al., 1990; Perkins et al., 1993) .
Which genes could be regulated by E2A-Pbxl? In Drosophila, dpp and wingless, two genes that encode growth factors, are regulated by exd (Rauskolb et al., 1994) . Wingless is the Drosophila homologue of wnt-1, an oncogene originally identified as promoting mammary tumors (Rijsewijk et al., 1987) . dpp is the Drosophila homologue of TGF-P, a molecule involved in growth control (Padgett et al., 1987) . It is conceivable that in vertebrates these gene families are also regulated by Hox proteins. This raises the interesting possibility that in pre-B ALL, genes encoding for growth factors, like members of the Wnt family, might be inappropriately regulated by E2A-Pbxl.
Activation of such growth factors may contribute or perhaps be the key step in generating a pre-B ALL phenotype. pSP64-ATG (van Dijk and Murre, 1994) were used to clone the various homeodomain proteins used in this study. pSP64-ATG/Hoxb-8 was constructed by inserting an 822 bp Sac1 cDNA fragment containing the entire Hox-B8 coding region without the first methionine into the Sac1 site of pSP64-ATG. The plasmid containing the Hoxb-7 cDNA was a kind gift of Dr. Frits Meijlink and Dr. Ron de Jong, and is derived from an incomplete cDNA originally cloned by Dr. Krumlauf and collaborators (de Jong, 1993) . pSP64/m-En-2 contains an EcoRV BglII fragment comprising the mouse En-2 coding region. A plasmid containing the En-2 cDNA (Joyner and Martin, 1987 ) ~ was kindly provided by A. Joyner. pSP641 E2APbxla and pSP64iE2AlPbxlb
were cloned by inserting the EcoRI fragment from pBSK-E2A/Pbxllong and pBSK-E2A/Pbxlshort into the EcoRI site of pSP64, in sense orientation relative to the SP6 promoter. pBSK-E2A/Pbx 1 a, pBSK/E2A-Pbxl short, pSP65Pbx 1 and pSP64-Pbx2 were generously provided by Dr. Michael L. Cleary. To equip Hoxb-8 with an aminoterminal influenza epitope tag, the following oligonucleotide was inserted into the NcoI site of pSP64-ATG/I-Ioxb-8(5'-CATGGGT-TACCCTTATGATGTGCCAGATTATGCCGGTGGTG-GTGGATCCATG-3').
To equip Pbxl with an N-terminal influenza tag, the tag oligonucleotide was first cloned into the NcoI site of pSP64-ATG, yielding pSP64-Tag. Subsequently, the coding region of Pbxl was isolated using PCR with the following primers: S'-TCATGGATCC-ATGGACGAGCAGCCCAGG and 5'-GTTGGAGGT-ATCAGAGTGAAC, cut with BumHI and cloned into the BarnHI and SmaI sites of pSP64-Tag.
In vitro translation and EMSA
All proteins used in this study were produced using the Promega SP6 TnT Rabbit reticulocyte lysate coupled transcription/translation system according to the manufacturers protocol (Promega, Madison, WI). Control reactions using [35S]methionine were performed and analyzed on SDS-PAGE to verify that products of the correct size were produced in similar quantities. Electrophoretic mobility shift assays were performed as described (van Dijk and Murre, 1994) . Briefly, 50 000 cpm probes were incubated with in vitro translated proteins in a buffer containing 10 mM Tris (pH 7.5), 50 mM NaCl, 1 mM EDTA, 1 mM DTI and 5% glycerol, in the presence of 2pg poly d(1.C) for 30 min at room temperature. Bound and free probe were separated on a 5% 36:l polyacrylamide gel. After drying the gel, results were visualized by autoradiography.
Oligonucleotides
To ensure that all probes had the same specific activ-ity, 30 ng of an oligonucleotide complementary to the 3' end of oligonucleotides AO, Al, A4, and B (5'-CGA-AATI'GATTCAT-3') was labeled and hybridized to 50 ng of each oligonucleotide.
For oligonucleotides A2 and A3, the complete lower strand was synthesized and hybridized with a 32P-labeled primer (5'-GTCAATT-AAAGC-3') After hybridization, dNTPs and DNA polymerase (Klenow fragment) were added to complete the lower strand or upper strand. The resulting products were run on a 8% polyacrylamide gel and the correct doublestranded probes were excised and eluted.
